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Enhancing second-order optical processes in Si-compatible materials is important for the

demonstration of innovative functionalities and nonlinear optical devices integrated on a chip.

Here, we demonstrate significantly enhanced Second-Harmonic Generation (SHG) by silicon-rich

silicon nitride materials over a broad spectral range, and show a maximum conversion efficiency of

4.5� 10�6 for sub-stoichiometric samples with 46 at. % silicon. The SHG process in silicon nitride

thin films is systematically investigated over a range of material stoichiometry and thermal

annealing conditions. These findings can enable the engineering of innovative Si-based devices for

nonlinear signal processing and sensing applications on a Si platform. VC 2013 AIP Publishing LLC
[http://dx.doi.org/10.1063/1.4801873]

Nonlinear optical phenomena in silicon-based materi-

als1,2 have recently attracted significant attention due to the

ability to control optical signals using light on a chip, thus

potentially adding to the already successful silicon photonics

platform innovative functionalities such as parametric down-

conversion, multiple wavelength conversion, and all-optical

signal routing for broadband signals processing.3–8 However,

Si is a centrosymmetric crystal and it exhibits a negligible

second-order optical susceptibility v(2). The only sources of

second-order nonlinearity arise from higher-order multipolar

processes,9 the breaking of crystal symmetry at the surface,

or by the engineering of strain fields.10–16 Despite recent

advancements, the Second-Harmonic Generation (SHG) con-

version efficiencies of Si-based materials remain low for

nonlinear device applications and alternative materials need

to be investigated. Here, we propose silicon-rich silicon

nitride as a material for efficient SHG on Si. Silicon nitride

already finds its place in the microelectronic industry as an

insulator material and as a diffusion barrier, and its nonlinear

generation efficiency is expected to be larger than in silicon

due to reduced two-photon absorption.17,18 Moreover,

silicon-rich silicon nitride has been integrated with light

emitting materials, waveguide structures, photonic crystal

nano-cavities, plasmonic structures, and optical

modulators.19,20

In this work, we systematically study the second-order

nonlinear generation in Si-rich silicon nitride thin films of

varying excess Si content and annealing conditions. In par-

ticular, we demonstrate visible SHG in the broad spectral

range of 375 nm�450 nm, and we optimize the second har-

monic emission at a silicon excess of 46 at. %, where we

measured a maximum SHG efficiency of about 4.5� 10�6.

Finally, we quantify the nonlinear behavior of the fabricated

samples applying a model that describes the macroscopic

nonlinear optical response of Si-rich nitride in terms of an

effective second-order susceptibility.

Sub-stoichiometric silicon nitride thin films have been

grown by N2 reactive magnetron sputtering using Si target in

a Denton Discovery 18 confocal-target sputtering system.

The base pressure was about 4� 10�7 mbar; the ratio

between N2 and Ar gas flow has been varied to control the Si

content in the silicon nitride from the stoichiometric value

(42.9%) up to 47.3%. Their thickness has been fixed at

200 nm. Samples have been grown at room temperature and

post annealing processes were performed in a rapid thermal

annealing furnace at temperatures between 500 �C and

900 �C for 200 s under forming gas atmosphere (5% H2/95%

N2). The fabricated samples have been characterized by an

Energy Dispersive X-Ray (EDX) Spectrometer (Oxford ISIS

mounted in a Zeiss Supra 55 Scanning Electron Microscope)

and their linear optical properties have been measured by op-

tical transmission in a UV/VIS/NIR spectrophotometer

(Varian/Agilent Cary 5000) and by spectroscopic ellipsome-

try (J. A. Woollam V-Vase). The nonlinear optical properties

have been studied using a mode-locked high power ultrafast

Ti:sapphire laser (MaiTai HP SpectraPhysics, 150 fs pulse

width, 82 MHz repetition rate) with an average pumping

power of 1 W, linearly polarized, and the excitation wave-

length in the range of 750 nm�900 nm. For the polarization

studies, the laser polarization has been varied using a half-

wave liquid crystal variable retarder (Thorlabs LCC1111-B).

The pump beam was focused on the sample using a 20�
microscope objective. The angle of incidence was 45� and

the reflected light has been collected through a standard tele-

scoping lens arrangement. The pump light has been filtered

before coupling the signal into an f/4 monochromator

(Cornerstone 260). The SHG spectra have been detected
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with a lock-in amplifier (Oriel Merlin) coupled to a low light

photomultiplier tube (PMT, Oriel Instrumentation 77348). A

polarization analyzer was placed in front of the monochro-

mator slits for polarization control. The SHG output power

has been estimated considering the PMT responsivity, the

measured transmittivity of all the optical components and

the light coupling efficiency into the monochromator, and

also directly measured through a highly sensitive power me-

ter detector (Newport 918D-UV-OD3). The linear refractive

indices of the fabricated samples have been measured and

found in excellent agreement with the previously published

data21 on identically prepared samples as a function of the

excess Si content measured using EDX.

In Fig. 1, we show the second harmonic spectra col-

lected for the as-deposited sample with a silicon content of

46.2 at. % for different pumping wavelengths in the range

between 750 nm and 900 nm. An identical trend has been

observed also for all the other samples as a function of the

pump wavelength. The SHG signal peaks at a pumping

wavelength of 775 nm and the SHG power decreases when

pumping at longer wavelengths.

In order to demonstrate the second-order nonlinear ori-

gin of the signals, we report in Fig. 2 the pump power de-

pendence of the SHG output power at 375 nm. The best

linear fit to the experimental data in log-log scale (continu-

ous line) has a slope of 1.9 6 0.1, consistently with the quad-

ratic nature of the SHG process. Furthermore, in the inset of

Fig. 2 we show the SHG peak wavelength as a function of

the pump wavelength for the same sample, which exhibits a

perfectly linear trend with slope 0.5, as expected for second-

order nonlinear processes.

We have then studied the SHG intensity of Si-rich sili-

con nitride samples with a large range of fabrication parame-

ters. Fig. 3 plots on a semi-logarithmic scale the SHG peak

intensity measured for the as-deposited samples as a function

of the Si content and for different excitation wavelengths, all

excited at the same pump power. We can notice that all the

samples exhibit a common trend, indicating that the Si

excess plays a fundamental role in the second harmonic gen-

eration. The SHG intensity increases more than two orders

of magnitude by increasing the excess Si in the samples, and

best results are observed for samples with 46.2 at. % Si for

all the wavelengths. A further increase in the Si excess

reduces the SHG signal to values comparable with the ones

measured for stoichiometric silicon nitride films.

We then performed rapid thermal annealing treatments

at temperatures of 500 �C, 700 �C, and 900 �C on all the fab-

ricated samples and report the SHG signal as a function of

the annealing temperature for the sample with 46.2 at. % Si

in Fig. 4. We note that the annealing treatment has a dra-

matic role in the SHG signal that decreases by almost two

orders of magnitudes after annealing the samples. A simi-

larly dramatic effect has been measured irrespective of the Si

content in the samples, demonstrating that the as-deposited

material is best suited for SHG. It is well-known that thermal

annealing processes on silicon-rich silicon nitride and oxide

materials are beneficial to saturate dangling bonds, create Si

nanoclusters and enhance the light emission properties21,22

as well as the energy transfer efficiency towards active rare

earth dopants.23–27 On the other hand, it has been recently

demonstrated that as-deposited or low-temperature annealed

silicon-rich silicon nitride and oxide films exhibit very large

FIG. 1. Second harmonic spectra from as-deposited 46.2 at. % Si content sil-

icon nitride after pumping with excitation wavelengths between 750 and

900 nm. All data have been taken at the same pumping power (1 W).

FIG. 2. Pump power dependence (log scale) of the emission peaked at

375 nm (750 nm excitation wavelength) from as-deposited silicon nitride

with 46.2 at. % Si content. The continuous line is the best fit of the experi-

mental data. (Inset) Measured second harmonic wavelength as a function of

the excitation wavelength for the same sample. The continuous line is the

linear fit of the experimental data.

FIG. 3. Second harmonic power detected after pumping with different exci-

tation wavelengths with the same pumping power as a function of the Si

content.
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nonlinear refractive index associated to the third-order sus-

ceptibility v(3).28 In order to discriminate between the surface

and the volume contributions to the observed SHG signal,

we sputtered an optically thin (30 nm) SiO2 layer atop the

surface of the as-grown sample (46.2 at. % Si content),

which is expected to quench the nonlinear surface dangling

bonds that have been observed in similar samples.29,30

In the inset of Fig. 4, we show the SHG spectra meas-

ured for samples with and without the SiO2 capping layer,

and we notice that the SHG intensity is unchanged. This

indicates that the observed second harmonic radiation is

mostly generated from the bulk of the samples and that the

contribution of the unpassivated Si nitride surface can be

neglected.

In order to better understand the origin and the proper-

ties of the second harmonic signal, we performed polariza-

tion dependent SHG measurements and analyzed the s and p

components (with respect to the reflection plane) of the non-

linear radiation as function of the polarization angle a of the

pump beam. In Fig. 5, we show the polar plots of the SHG

pumped at 800 nm in samples with different Si contents for

the s (red dots) and p (blue circles) components. The top

panel refers to the stoichiometric silicon nitride sample.

While the p component is constant with respect to the pump

polarization, the vertical component vanishes for a¼ 0�, 90�

(p- and s-polarized fundamental beams, respectively), and it

exhibits its maximum intensity at around a¼ 45�, 135�. This

result is consistent with what already reported in the litera-

ture for the case of stoichiometric silicon nitride films,18

owing to the in-plane isotropy (symmetry group C1�) of SiN

thin-films that deposited at low pressure (both by PECVD

and sputtering) grow under significant conditions of com-

pressive stress.31,32 However, as the Si content is increased

in the film, we observe a dramatic modification in the meas-

ured polar plots of the SHG. In particular, in the case of the

most efficient sample with 46.2 at. % Si (bottom panel), the

second harmonic has exactly the polarization of the pump,

i.e., the s- (p-) component vanishes for a¼ 0� (a¼ 90�), and

it has maximum magnitude for a¼ 90� (a¼ 0�). Therefore,

the C1� symmetry is broken for Si-rich samples. We have

already shown that the SHG intensity decreases by increas-

ing the annealing temperature for all the investigated silicon

nitride stoichiometry. For these reasons, our experimental

data demonstrate that the strong nonlinear response meas-

ured for Si-rich films originates from either Si-related defects

introduced by the excess Si in the matrix or from a high den-

sity of randomly distributed amorphous Si nanoclusters that

nucleate within the non-stoichiometric SiN films.33–36 The Si

clustering in SiN thin films leads to the formation of small

(<3 nm), almost spherical nanostructures across the sample.

As a consequence, we effectively model their nonlinear

response by considering randomly oriented dipole-like cen-

ters uniformly distributed in the sample. These data demon-

strate that the introduction of excess Si in the Si nitride films

with low temperature post-processing treatments has a very

strong positive impact on the SHG properties.

In order to quantify the second-order nonlinear proper-

ties of sub-stoichiometric silicon nitride thin films, we meas-

ured the SHG efficiency for the as-deposited samples as a

function of the Si content. The measured generation efficien-

cies are listed in Table I, along with the measured Tauc

energy gaps and the refractive indices measured at 400 and

at 800 nm. The measured SHG efficiency for the stoichio-

metric silicon nitride is 1.3� 10�7 and this value increases

by increasing the Si content up to 4.49� 10�6 for a Si con-

tent of 46.2 at. %. Note that a further increase in the Si con-

tent is detrimental for the SHG efficiency, which drops to

9� 10�8, which is even lower than for stoichiometric silicon

FIG. 4. Second harmonic power detected after pumping with different exci-

tation wavelengths with the same pumping power as a function of the

annealing temperature for the sample with 46.2 at. % Si content. (Inset) SH

spectra for the as grown sample, with (black line) and without (red line) a

30 nm-thick SiO2 cap layer.

FIG. 5. Polar plots of the second harmonic intensity (arbitrary units) gener-

ated at a pumping wavelength of 800 nm in samples with different Si con-

tent, as-deposited. The pump polarization is changed and the detection

polarization fixed at the s (red dots) and p (blue circles) polarization compo-

nents. 0� corresponds to p-polarized pumping light; 90� to s-polarized pump.
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nitride. We believe that at the highest Si concentrations dan-

gling bonds and absorbing defects are formed in the matrix

and increase the light absorption thus decreasing the overall

SHG efficiency.

Finally, we apply the effective model described in Ref.

37 to quantify the second-order susceptibility v(2). According

to this model, the field E
ð2xÞ
int at the SHG frequency (2x)

inside the silicon nitride slab is expressed as the sum of the

general solution of the associated homogeneous Helmholtz

equation E
ð2xÞ
int;hom and of the particular solution E

ð2xÞ
int;par. The

field E
ð2xÞ
ext radiated by the second harmonic sources is calcu-

lated by solving a characteristic system of linear equations.

For the stoichiometric sample, the measured polarization dia-

gram implies the C1� symmetry, and therefore the only non-

vanishing components of v(2) are: vttn¼ vtnt, vntt, vnnn, where

n indicates the normal to the film surface, and t indicates the

tangent direction. The SHG p-component of the stoichiomet-

ric film is small with respect to the s-component. Therefore,

we will consider only the s-component for the estimation of

v(2) (only vttn contributes to the SHG s-component). For Si-

rich samples, the C1� symmetry is broken, and the experi-

mental results in Fig. 5 indicate that vttt is responsible for the

SHG s-component. We estimate the tensorial elements vttn

and vttt by fitting the experimental data with the presented

model, with the assumption that the small Si clusters and the

silicon nitride matrix contribute to the SHG radiation inco-

herently. At this wavelength, some absorption of the gener-

ated SH light may occur in the material due to the presence

of Urbach tails.35 As a consequence, part of the generated

light does not escape from the sample and will not contribute

to the measured efficiency. The results are shown in Table I,

and in particular we predict vttt¼ 68.79 pm/V for the opti-

mized sample.

In conclusion, we have demonstrated that Si-rich silicon

nitride is a viable platform for efficient second harmonic

generation in a Si-compatible material. We performed a sys-

tematic optimization of the SHG efficiency versus the mate-

rial processing conditions and we measured a maximum

generation efficiency of 4.49� 10�6 for a Si content of 46%

corresponding to an effective second-order susceptibility of

about 70 pm/V. These findings can potentially enable inno-

vative Si-based nonlinear optical devices for on-chip com-

munications, sensing and optical processing applications.
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